Abstract-This paper presents the design of a new MEMS ultrasonic sensor that exploits the Single Bubble Sonoluminescence (SBSL) phenomenon to realize a highly efficient transduction mechanism. In the proposed scheme, a thermally generated microbubble is to be stabilized using dielectrophoresis (DEP) techniques in the precise center of a 300 ,Im high by 150 ,Im diameter cylindrically shaped MEMS micro-chamber. As the ultrasonic sound waves strike the microbubble, the bubble collapses to emit highly stable light pulses. The emitted light pulses are to be detected using integrated photo-detectors to generate an equivalent electrical signal to realize the transduction process. Since there is no vibrating mechanical structure, the sensor is free of any pull-in phenomenon or stress related affects associated with capacitive type MEMS ultrasonic sensors and can have a much higher dynamic range compared to capacitive type ones.
I. INTRODUCTION
Ultrasonic actuation and sensing is used widely in applications such as medical imaging, automotive collision systems, proximity detection, thermosonic chip bonding. etc [1] . In recent years, there has been a significant developments in high performance MEMS-based surface micromachined capcitive type ultrasonic sensors [1] [2] . A surface micromachined capacitive type ultrasonic sensor consists of a thin metalized diaphragm separated from a fixed ground plane by an airgap. As the ultrasonic sound waves strike the diaphragm, the diaphragm deforms resulting in a change in capacitance between the diaphragm and the fixed backplate. A capacitive readout circuit is used to convert this capacitance change to a voltage signal. Whereas piezoelectric type capacitive sensors measure the current produced by the deformation of a piezoelectric membrane. Despite superior performance of capacitive type ultrasonic sensors over the piezoelectric type ones in air, the sensor's dynamic range is limited to nearly one-third of the airgap to avoid the diaphragm collapse due to the pull-in phenomenon. Pull-in phenomenon occurs when the electrostatic force generated by the capacitive plates overcome the natural restoring force fo the diaphram which leads to diaphram collapse. Additionally, the sensitivity of such capacitive type sensors depends, besides other factors, on the stiffness and nonlinear deformation of the diaphragm. These considerations limit the application of this type of ultrasonic sensor.
A recently discovered physical phenomenon known as the Single Bubble Sonoluminescence (SBSL) [3] offers the possibility of realizing a new type of MEMS based ultrasonic sensor that can overcome the limitations of capacitive type ultrasonic sensors. SBSL generates highly stable and precise short duration light pulses when a bubble suspended in a liquid collapses due to an applied ultrasonic pressure field [3] [4] . In the macroscale, SBSL is achieved by stabilizing a bubble in the center of a spatially symmetric container using a resonant sound field. During the negative portion of the incident pressure wave, the bubble expands up to 10 times of its normal radius, resulting in a large pressure difference on opposite sides of the bubble wall. This pressure difference causes the bubble to collapse catastrophically and releases approximately 106 photons per acoustical cycle [3] [4] . Compared to the mechanical work exerted on a single molecule by the driving resonators, this represents an energy amplification of 13 orders of magnitude [4] . Contrary to conventional transducers, where no energy amplification occurs during the transduction process itself, a higher sensitivity ultrasonic sensor can be realized if these emitted light pulses can be detected with a suitable photo-detector. Without any vibrating diaphragm as used in capacitive sensing, the sensor will be able to withstand very high acoustical pressure (larger dynamic range) compared to conventional MEMS-based ultrasonic sensors and will be free of any pull-in effects. Based on this philosophical approach, the architecture of a new ultrasonic sensor has been presented. In the proposed scheme, a thermally generated microbubble is to be stabilized using dielectrophoresis (DEP) techniques in the center of a MEMS fabricated micro-chamber [5] . The light pulses emitted by the bubble collapse due to the incident ultrasonic waves are to be detected by Cadmium-Sulfide photodetectors to generate an equivalent electrical signal to realize the transduction process.
II. THEORETICAL BACKGROUND
The SBSL phenomenon was first discovered in 1989 by Gaitan and Crum and a detailed discussion of SBSL is available in [3] [4] . In figure 2a . The cylindrical shaped micro-chamber is to be fabricated out of a glass substrate with an inner diamter of 150 tm and a height of 300 gim. The dimensions of the chamber has been determined by considering the bubble diameter variations which can reach up to 50 micrometer before collapsing. The chamber will be filled with de-gassed water since water has been determined to be the best choice to affect sonoluminescence [4] . A polysilicon micro-heater is to be fabricated at the bottom center of the chamber to generate microbubbles of consistant diameter. Bubbles typically nucleate on surface cavities of the heater. The heat needed to nucleate a bubble in a cavity is inversely proportional to the radius of the cavity [8] . Following [8] , the nucleation temperature can be approximated by:
Pe (Z, t) = Pel cos(OVt) cos(klz) (2) where Wj = 2zf is the resonant frequency and k1 = 2I / A is the wave number where A is the wavelength. When the Primary Bjerknes force FBjerk is large enough to overcome the buoyancy force FJ associated with the bubble, the bubble will become trapped inside the resonating chamber [4] . The buoyancy force Fg associated with the bubble can be expressed as [4] :
where V(t) is the bubble volume, p1 and pg are the liquid and gas densities, respectively. As the trapped bubble is subjected to a high amplitude ultrasonic wave, the bubble catastrophically collapses to emit approximately 106 photons per acoustical cycle. There have been recent developments in microscale bubble and droplet generation [6] and manipulation using the technique of dielectrophoresis (DEP) [5] [6] [7] [8] . This technique can be exploited to generate and stabilize a microbubble at the precise center of a MEMS fabricated cylindrical microchamber. This eliminates the need for a large spherical flask and piezoelectric resonators to create a standing wave pressure field. The light pulses can be detected by integrating photodetectors at suitable locations in the MEMS fabricated micro-chamber. Since a high acoustical pressure is necessary to affect sonoluminescence, the developed sensor can be used for high pressure applications where conventional sensors are not suitable.
III. SENSOR DESIGN AND SIMULATION
The major design challenges associated with the proposed sensing scheme are: (1) bubble generation and release inside a MEMS fabricated cylindrical microchamber, (2) bubble stabilization at the center of the microchamber, and (3) photo-detection.
where Tw is the surface temperature, Tsat is the saturation temperature of water, a is the surface tension, h,, is the latent heat of vaporization, p, is the vapor density, and r, is the cavity radius. For cavities of 1 ptm in radius, a temperature of at least 136°C would be required to heterogeneously nucleate single bubbles [5] . The heater electrode will then be electrostatically vibrated by momentarily exciting an electrode fabricated beneath the microheater to release the bubble. A conceptual diagram of the bubble release mechanism is shown in figure 2b .
B. Bubble Stabilization Mechanism
It has been determined that dielectrophoresis (DEP) can be used to control the vertical and lateral motion of the bubble after its release to stabilize it at the precise center of symmetry of the micro-chamber. Four embedded copper electrodes along the inner wall of the micro-chamber positioned 90 degrees apart ( figure 2a and figure 3a) are to be used to center the microbubble horizontally. Two different sets of electrodes at the top and bottom inner face of the micro-chamber are used to stabilize the microbubble at (b) The microbubble is released by an electrical pull-and-release mechanism employing a short duration electrical pulse.
the precise vertical center of the micro-chamber. After release by electrostatic vibration, electrical polarization of the bubble will occur due to the top and bottom DEP electrodes and a dielectrophoretic force will be generated. However, due to the precisely balanced electrostatic field generated by four side-electrodes located 90 degrees apart, the bubble will ascend vertically along the vertical center line of the micro-chamber The four side-electrodes and resulting electric field is shown in figure 3a . This vertical motion ofthe bubble will be tracked capacitively by additional five pairs of electrodes embedded along the side walls of the cylindrical microchamber as shown conceptually in figure 3b. Each pair of these additional electrodes is biased oppositely with a DC drive voltage to constitute five identical parallel plate capacitors. One of the capacitors is to be located at vertical center of the chamber. The remaining four capacitors are spaced equally above and below the center electrode 5 tm apart. As the bubble ascends within the micro-chamber and passes through the bottom most capacitor, the capacitance associated with the respective capacitor will change. This change in capacitance is used to determine the vertical position of the bubble at that instant. As the bubble ascends further towards the center capacitor, the voltage across the DEP electrodes will be adjusted accordingly. For electrode, the voltage will decrease across the DEP electrodes allowing the bubble to ascend further. When the micro-bubble reaches the center of the chamber, the capacitance of the center capacitor will change. By monitoring this capacitance change it will be possible to stabilize the bubble at the precise center of the microchamber. A simple capacitive readout circuit can be used for this purpose.
MatlabTM simulations were carried out to determine the necessary force to be generated by the DEP electrodes. Following [4] , for the designed micro-chamber filled with water, it has been determined that a 5 gm radius bubble experiences a buoyancy force of 1.02 nN. Thus, the DEP electrodes are required to generate a force of 1.02 nN to stabilize the bubble at the center of the micro-chamber. This is equivalent to the Bjerknes force used in macro-scale experiments as shown in figure 4 . Finite element analysis has been done using IntelliSuiteTM [9] to verify the DEP force for the designed geometry and the FEA simulation results are shown in figure 5 . The simulation results are in excellent agreement with calculated values following [4] [5] . In the absence of a bubble, the capacitance values were calculated for the capacitive plates to be 16 nF. When a bubble is present, this value decreases to 3 nF. This large variation in capacitance can be measured by a simple capacitive readout circuit. The output of the readout circuit is being fed to a highly sensitive amplifier to control the voltage of the DEP electrodes.
Once the bubble is stabilized inside the micro-chamber, the chamber is ready to be exposed to an ultrasound field. Sonoluminescence will occur and release short pulses of light. Each pulse of light corresponds to one acoustical cycle of the incident ultrasonic wave [3] . Photo-detectors are to be embedded in the sidewalls of the micro-chamber to finalize the transduction from photonic energy to electrical energy.
C. Photo-Detection It has been determined that cadmium sulfide type photodetectors can be used to detect the emitted pulses of light due to its excellent photoconductivity within the spectral range. The good spectral performance comes from the fact that sonoluminescence emits high quantities of blue light, where the wavelength is approximately 460 nm. Cadmium sulfide has a maximum cut off wavelength of 512 nm for spectral sensitivity. Consequently, it is a good choice for the photo-detectors. Cadmium sulfide also has a minimum bandgap energy of 2.42 eV. This energy level is well below that of the incident photons, which have energies of 4 eV [3] . This will guarantee the generation of electron-hole pairs for each incident photon, which will result in high electric current. Table I summarizes the major design specifications for the developed ultrasonic sensor.
IV. SIMULATION RESULTS It has been proven that the minimum temperature required for the bubble generation is 136°C [5] . The microheater module has been designed so that it can generate up to 150°C. This will guarantee the necessary bubble nucleation temperature regardless of the external environment conditions. The buoyancy forces for a 5 ptm (radius) bubble were calculated to be 1.02 nN (Figure 4 and equation (3)). To calculate the amount of voltage required on each top or bottom plate, simulations were conducted using the IntellisuiteTM. The amount of force generated by the DEP electrodes must be greater than or a equal to the calculated buoyancy force, so that the bubble will be stabilized in the center of the chamber. If the force generated by the DEP electrodes is greater, the bubble will be pushed down and once the bubble is below the center capacitive sensing pair, the DEP electrodes are turned off as the result of the sensing mechanism. This operation will happen continuously as long as the bubble is present. 
